We applied the simultaneous use of a subtractive method and two imaging techniques (secondary ion mass spectrometry and electron microsco y after PATAg staining) to correof young flax plants. The calcium images were compared with the structural electron miaoscopy images. This suggests that the linkage of the pectic substances within the wall is mainly by calcium bridges in the intercellular junctions of most types of cells under study (epidermis, subepidermis, fiber layer, and endodermis) and in the outer part (close to the cutide) of the wall of the epidermal cells. In the primary walls of the various types of cells under study and in the inner part (dose to the cytoplasm) of the wall of the late the distribution of Ca 4 + to pectic substances in cell walls epidermal cells, the linkage of the pectic substances would be mainly by covalent bonds. In the middle lamellae of the various cells, and in the intercellular junctions within the cortical parenchyma, both types oflinkages apparently coexist. The mechanism of "ionic condensation" may provide an interpretation for the chemical status of the Ca2* ions which are associated with the pectic components solubilized in boiling water, and which do not seem to contribute to the linkage of these components within the wall. (J hiitochem
Introduction
Two main classes of pectins have been distinguished from each other according to their mode of extraction from plant cell walls. The pectins released with boiling water are highly methylated (Goldberg et al., 1989) . They have been reported to be linked with one another, or with other polysaccharide compounds, by covalent bonds Uarvis et al., 1981; Keegstra et al., 1973) . Apart from possibly affecting multiple nonspecific chemicals and biochemical degradative processes, treatment by boiling water mainly causes the breaking of pectic molecules by p-elimination (Albersheim et al., 1960) . More acid pectins can be solubilized using cation chelators Uarvis, 1982) and are therefore considered to be ionically bonded with each other. A subtractive technique (Reis and Roland, 1974) has been worked out for a detailed location of these pectic compounds in the wall. The technique consists of treating a plant fragment with
The secondary Ion Mass Spectrometer used in this work was purchased with grants from the CAMECA company, the Conseil Regional de Haute Normandie, and the Minisdre de la Recherche et de la Technologie. a cation chelator and/or boiling water, and using transmission electron microscopy (TEM) to study the cell wall structure in sections of the treated sample, compared with that in non-treated controls. It was finally observed that the acid pectic components were located mainly in the middle lamellae and cell junctions of soybean hypocotyls (Goldberg et al., 1986) and of flax hypocotyls (Morvan et al., 1991) , or sometimes also in the primary cell walls of potato tubers (Sasaki and Nagahashi, 1989) . The nature of the interactions between calcium and pectic substances in plant cell walls is still under debate. It is usually assumed that Ca2+ ions play an important part in the ionic binding of the acid pectins, since the most active cation chelators for liberating these acid components are those with a high affinity for Ca2+. However, not much is known about the interactions of calcium with the highly methylated pectins within the walls, or about the detailed distribution of calcium in the walls of the different types of cells in a plant sample. In the present study we performed a subtractive localization of calcium and of the two main types of pectic compounds. This procedure consists of (a) treating fragments of plant samples either with boiling water or with a calcium chelator, (b) observing the tissue structures in the treated fragments compared with those in non-treated controls by transmission electron microscopy after a polysaccharide staining treatment, and (c) imaging the JAUNEAU, MORVAN, LEFEBVRE. DEMARTY, RIPOLL, THELLER corresponding distribution of calcium in the treated and control specimens by secondary ion mass spectrometry (SIMS), also termed analytical ion microscopy. In these investigations we limited ourselves to the study of young flax plants.
Materials and Methods
Plant Material. The flax plants, Linum usitutissimum L.. var. belinka, were collected in the field 60 days after sowing. Their mean height was 10 cm and they still had a single layer of differentiated fiber cells. Fragments 1 mm3 in volume were sampled at mid-height of the epicotyl in the middle of an internode. They were fixed by dipping them for 90 min in a mixture of glutaraldehyde (4%. wlv) with 0.1 M sodium cacodylate buffer, pH 7.2. This treatment also eliminated from the samples any diffusible ions and any ions that could be exchanged for the Na' ions present in the buffer. Only the tightly bound Ca2' ions were thus not displaced from the specimens. After fixation, control samples were prepared by bathing them overnight in the same cacodylate buffer at 4'C to remove glutaraldehyde. The experimental samples were treated to extract pectic substances using either a solution with 0.5% (w/v) of the calcium chelator cdta-Na2 (trans-1.2 diaminocyclohexane N,N,N', W-tetraacetic acid disodium salt) overnight at 4'C. pH 4.5, or with boiling water for 2 hr; then they were also left overnight in the cacodylate buffer at 4'C. Both the control and experimental samples were post-treated with 2% osmium tetroxide in water. They were dehydrated by bathing (10 min per bath) in graduated mixtures of ethanol (10, 20, 40, 60, 80, and loo%, v/v) and water. They were bathed for 30 min in pure acetone. They were embedded in a mixture of equal volumes of Spurr's resin (1969) and acetone (12 hr at 4°C). Polymerization was finally performed in pure Spurr's resin overnight at 60'C. All the pectic compounds soluble in cold water were removed from the tissues during the furation of the control and the experimental samples. The differences observed between control and experimental samples are therefore assumed to be due only to the treatment (boiling water or calcium chelator) to which the experimental samples were subjected. The water used in all these operations was obtained from a Milli-Q (Millipore France; Saint Quentin en Yvelines, France) apparatus.
Imaging Techniques. Transverse ultra-thin sections (100 nm thick) of flax epicotyl internodes were prepared using a MTl Porter-Blum ultramicrotome (Sorvall; Norwalk, CT), mounted on gold grids, and subjected to the PATAg (periodic acidlthiocarbohydrazidelsilver proteinate) procedure for polysaccharide detection (Thiery, 1967) . The sections were observed with a transmission electron microscope (Zeiss EM 109; Oberkochen, Germany). Semi-thin sections (5 pm thick) were also prepared using the same samples as for the ultra-thin sections. The semi-thin sections were mounted either on glass slides for observation using photon microscopy (Wild-Wetzlar type V365) or on aluminum discs for analytical ion microscopy. The ionic images of calcium were acquired using a Cameca IMS 4F (Courbevoie, France) SIMS instrument. The principle of this latter method has already been described in detail elsewhere (Thellier et al., 1991; Galle and Berry, 1986) . Briefly summarized, it consists of bombarding the specimen surface with a beam of primary ions (02'). As a result of this bombardment, the atoms of the most superficial layers of the specimen are sputtered as neutral or charged particles. The charged particles (secondary ions), which are characteristic of the elements in the area of the tissue under study, are collected and separated in charge and mass by mass spectrometry. Thus, each ion of this secondary beam, with its given specific charge and mass, carries an image that can be selected by adjusting the magnetic field of the spectrometer. In the present case, the instrument was used in the stigmatic imaging mode. Photographs of the microchannel plate-fluorescent screen assembly were obtained using a photographic camera. Instrumental parameters are listed in Table 1 . The main advantages of this technique (Berry et al., 1990; Burns, 1983) are that the images are obtained rapidly and that the sensitivity for calcium detection is good. The spatial resolution in the present study was on the order of 1 pm. Since the cell walls are usually less than 1 pm thick, at any given point of a wall the brightness of the calcium signal represents the mean calcium content over the wall thickness at that particular point. As a consequence, (a) it is clearly impossible to get a profile of the distribution of calcium in the wall with this method, and (b) at any given point of a wall the intensity of the calcium signal is not really representative of the local calcium concentration but rather of the product of the calcium concentration and the wall thickness.
Results

Observation by Photon Microscopy
A transverse section of the epicotyl of a control sample is shown in Figure 1 . The epidermal cells border the lacunar cortical parenchyma. There are only a few fiber cells, located at the periphery of the stele, which exhibit secondary thickening of cellulose. The stele is separated from the cortex by a ring of endodermis, i.e., a layer of cells containing large amounts of starch (not shown) and exhibiting a suberified band visible by use of conventional histological staining treatments (not shown). The cdta-Na2 treatment does not disturb the general organization of these various tissues appreciably (not shown), whereas the treatment with boiling water visibly affects the cortical parenchyma ( Figure 2 ).
Observation by Analytical Ion Microscopy
The calcium images shown in Figures 3-6 are representative examples of the results obtained from a number of SIMS measurements.
Two different epicotyl fragments were prepared with each protocol (non-treated control and treatment with boiling water or with cdta-Naz), three histological sections were taken from each fragment, and five to ten observations were performed by SIMS on each section. The variability encountered was extremely small. The calcium signal clearly outlines the walls of the sample cells. This is consistent with the usually accepted idea that most of the cell calcium is located within the walls (Demarty et al., 1984; Slocum and Roux, 1983) , where it has a very low mobility (Touchard et al., 1987a,b) .
In the control samples the calcium signal was much more intense in the cell walls of the epidermal and subepidermal layers ( Figure  3 ) than it was in the internal tissues, i.e., the cortical parenchyma, endodermis, and the fiber cells (Figures 3 and 5) . Moreover, in these internal tissues the calcium image was brighter at the level of in the primary walls and the middle lamellae, and, to a lesser extent, in the intercellular junctions: this is the reason for the disorganization of this tissue, as already observed by optic microscopy. The cdta-Naz treatment resulted in changes different from those with boiling water (Figures 11 and 12) . Whatever the tissue, there was always a massive loss of pectic substances from the intercellular junctions; this is illustrated in Figure 12 in the case of the fibre cells. With regard to the walls in the epidermal cells (Figure  11) , the release of pectic substances was particularly significant in the outer part of the wall, resulting in a loss of adhesion to the cuticle. In the inner part of the wall, although smaller amounts of pectic substances were removed, the primary cellulose structures were nevertheless rendered visible. In the rest of the tissues large amounts of pectic substances were removed from the middle lamellae, whereas the primary walls were not visibly altered. This caused the walls to exhibit a translucent middle part, bordered by electron- the intercellular junctions as compared with the cell walls ( Figure  5) . The cdta-Na2 treatment eliminated the calcium signal in all the plant tissues (not shown). After treatment with boiling water the calcium signal was appreciably reduced in the cell walls of all the tissues and especially in the cortical parenchyma (where it was practically absent), whereas it remained intense at the level of the intercellular junctions (compare Figures 3 and 5 with Figures  4 and 6) .
Observation by Electron Microscopy
In the control samples the cell walls of all the tissues under observation were heavily stained in the PATAg reaction (Figures 7 and  8 ). The results obtained in similar areas of tissues after treatment by boiling water or by cdta-Na2 are shown in Figures 9-12. The effects of the treatment with boiling water were not alike in the different areas of the section. In the epidermal and subepidermal cells, pectic substances were removed mainly from the inner part (i.e., close to the cytoplasm) of the walls, where the arches of cellulose became apparent (Figure 9) , whereas the intercellular junctions were practically unaltered (not shown); intercellular adhesion was not appreciably affected. In the fiber cells and the endodermis (Figure 10) . the release of pectic substances was visible from the primary walls and the middle lamellae, whereas the intercellular junctions were apparently left unchanged. As a result, intercellular adhesion was lost at the level of the radial and tangential walls, while tissue cohesion remained intact at the intercellular junctions. Moreover, in the cortical parenchyma (Figure 13 ). high amounts of pectic substances were removed from the cell walls, especially --. charide material in the middle lamellae. Only the application of treatments by both boiling water and cdta-Naz resulted in total tissue disruption (not shown).
Discussion
Although loss or relocation of some mineral ions is likely to occur during sample preparation, it seems that the CaZ+ ions at least are not easily mobilized. For example, Wick and Hepler (1982) observed that calcium was actually left in situ during glutaraldehyde fixation until it was precipitated and rendered visible by osmiumantimonate treatment. This was also confirmed by X-ray analysis, both in animal (Vandeputte et al., 1990) and in plant systems (Weakley, 1979; Tisher et al., 1972) . Mentre and Escaig (1988) , using pyroantimonate precipitation and observation by analytical ion microscopy, did not find any appreciable loss of calcium or change in its distribution in the skeletal muscle of the mouse. Campbell et al. (1979) observed that almost 90% of the initial amount of calcium remained present in plant tissues after fixation and dehydration. We can therefore assume that the characteristics of the calcium distribution observed here are representative of those existing in the tissues before fixation.
In the Introduction we noted that the pectic molecules could be engaged in two main types of linkages, covalent bonds or ionic bonds (i.e., calcium bridges). Despite the poor spatial resolution of the SIMS images compared with those of electron microscopy, comparison of the data obtained with both these techniques may help to identify the major type of linkage of the pectic substances in the different areas of the cell walls of the various tissues under examination. For instance, in the intercellular junctions, except for those of the cortical parenchyma, the cdta-Naz treatment removes all the calcium and large amounts of pectic substances, whereas treatment with boiling water releases practically no calcium and no pectic components: this means that the linkages of the pectic molecules are mainly via calcium bridges. Conversely, in the primary walls of the cortical parenchyma, fiber cells, and endodermis, the cdta-Naz treatment removes all the calcium without removing much of the pectins, whereas boiling water releases some calcium and massive amounts of pectins. This suggests that the pectic substances of the primary walls are held mainly by different types of covalent bonds, more or less specifically broken by treatment with boiling water. Based on the same reasoning in the epidermal and subepidermal cells, the I d a g e of the pectic components would be mainly covalent in the inner part of the wall (close to the cytoplasm) and mainly by calcium bridges in the outer part (close to the cuticle). In the middle lamellae of the walls of the cortical parenchyma, fiber cells, and endodermis, and in the intercellular junctions of the cortical parenchyma, both treatment with boiling water and with cdta-Na2 caused a partial loss of pectic substances and a significant or total release of Ca2+. This probably means that both types of bonds, covalent and by calcium bridges, contribute to the linkage ofthe pectic substances. Again, using the same reasoning, it can be inferred that intercellular adhesion at the level of the radial and tangential walls depends chiefly on covalent bonds in all the tissues we have examined, whereas the adhesion of the cuticle to the epidermal cells, as well as intercellular adhesion at the level of the intercellular junctions, is due mainly to calcium bridges.
In the areas where the pectic substances are held in the cell walls by covalent bonds, the calcium released by the treatment with boiling water is clearly not involved in the linkage of these pectic components (otherwise, the total removal of calcium by the cdta-Na2 treatment would also release pectic substances, which was not observed). One may therefore speculate about the chemical status of these calcium ions. A likely possibility is that they are engaged in the process of "ionic condensation" on the pectic molecules, a process that does not obey the law of mass action and which corresponds to the collapse of free cations on the polyanionic molecules, beginning by the cations with the highest valency (Demarty et al., 1980 (Demarty et al., ,1984 .
It is usually accepted (Moore and Staehelin, 1988; Goldberg et al., 1986; Jarvis, 1984) that in mature plant tissues the pectic substances of the middle lamellae and of the intercellular junctions are mainly of the acid type, and that calcium bridges play the major part in the linkage of the pectic components within the wall and in intercellular adhesion. This has also been observed by our group with mature flax fibers (Morvan et al., 1988 (Morvan et al., ,1990 . With younger tissues, we have shown in the present study that the same result was obtained only in the intercellular junctions of the cells of the epidermis, the subepidermis, the fiber layer, and the endodermis. Conversely, in the intercellular junctions of the cortical parenchyma and in the middle lamellae of all the cell types studied, we found that both types of linkages (covalent bonds and calcium bridges) contributed to the binding of the pectic components and to intercellular adhesion. This suggests that in the course of growth there is a progressive change from covalent to ionic (i.e., calcium bridges) bonding in these areas.
